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Abstract 

The opportunities of the apphcation of the recently proposed approach in optical emission spec- 
troscopy of non-equilibrium plasmas have been studied. The approach consists of several methods 
of the determination of absolute particle densities of atoms from measured relative intensities within 
resonance multiplets distorted by self-absorption. All available spectroscopic data concerning res- 
onance spectral lines of atoms having multiplet ground states from boron up to gallium were 
analyzed. It is found that in the case of C, O, F, S and CI atoms an application of the methods 
needs VUV technique, while densities of B, Al, Si, Sc, Ti, V, Co, Ni, Ga atoms may be obtained 
by means of the intensity measurements in UV and visible parts of emission spectra suitable for 
ordinary spectrometers used for optical diagnostics and monitoring of non-equilibrium plasmas 
including industrial plasma technologies. 



The opportunities of the apphcation of the recently proposed approach [1 — 3] in optical 
emission spectroscopy of non-equilibrium plasmas have been studied. The approach consists 
of several methods of the determination of absolute particle densities of atoms from measured 
relative intensities within resonance multiplets distorted by self-absorption. The main idea 
of the approach is that in the case of sufficient self-absorption for a pair of resonance lines 
having common upper level the ratio of intensities doesn't depend on the population density 
of upper level, but depends on the length of homogeneous plasma column along optical axis 
L, the gas temperature T, and populations of the sublevels of multiplet structure of the 
ground state. In the case of Boltzmann distribution over the sublevels with the temperature 
T, the intensity ratio depends on the temperature T and the product NL, where N is the 
total population of the ground state, usually close to the atomic particle density. 

All available spectroscopic data concerning resonance spectral lines of atoms having mul- 
tiplet ground states from Boron up to Gallium were analyzed (see Table 1). It is found 
that in the case of the C, O, F, S and CI atoms an application of the methods needs VUV 
technique, while densities of the B, Al, Si, Sc, Ti, V, Co, Ni and Ga atoms may be obtained 
by means of the intensity measurements in UV and visible parts of emission spectrum suit- 
able for ordinary middle class spectrometers used for optical diagnostics and monitoring of 
non-equilibrium plasmas including industrial plasma technologies. All spectroscopic data 
needed for experimental determination of particle density of the B, Al, Si, Sc, Ti, V, Co, Ni 
and Ga atoms in ionized gases and plasma are presented in the Table 2, where the Xik - is 
the wavelength of a spectral line in Angstrems, the Uki - its wavenumber in cm~^ , the Ei is 
energy of lower level of the line in cm~^, the gk and gi are degeneracies of upper and lower 
levels, and the A^i is spontaneous emission transition probability (Einstein coefficient) in 

The data collected in the Table 2 may be also used for computer modelling calculations 
of the intensity ratios as functions of the optical thickness NL and the gas temperature T 
(determining line broadening) under certain assumptions on the population density distribu- 
tion over ground state sublevels. In the case of Boltzmann distribution corresponding to the 
gas temperature such calculations give the opportunity to obtain certain three dimensional 
nomogramms (the intensity ratio against NL and T) useful for a priory analysis of an ap- 
plicability of the method in certain experimental conditions like in [3], as well as for simple, 
graphical determination of the atomic densities from measured relative line intensities like 
in [1]. 
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TABLE I: The list of first 17 elements of the Mendeleev Periodic Table, having multiplet structure 
of the ground states(l - the chemical symbols of atoms, 2 - the configurations of outer electrons in 
the ground state, 3 - the spectroscopic serial symbols of the multiplet structure sublevels , 4 - the 
sublevel energies Ei (cm~^)). 
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TABLE II: The list of resonance lines of B, Al, Si, Sc, Ti, V, Co, Ni, Ga atoms prospective for 
spectroscopic diagnostics of non-equilibrium plasma. 
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2519,202 


39683,170 


77,115 


3 


3 


45,6 


3p4s 3P2 ^ 3p2 3p2 


2516,112 


39731,896 


223,157 


5 


5 


121 


3p4s 3Pi ^ 3p2 3pp 


2514,316 


39760,285 





3 


1 


61 


3p4s 3P2 ^ 3p2 3p^ 
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^ 3ci'24.s2 a3p4 


3689,91 


27093,173 


386,874 


7 


9 


3,53 
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3d2(3p)4s4p(ip) j/^iTg 


^ 3^2452 a3P2 
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5 


4,13 


3d2(3p)4s4p(ip) y^Fs 


3rf24s2 flSpg 
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25057,085 


170,132 
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37,9 


3d2(3p)4s4p(ip) y^j;:. 


^ 3^24.92 a3p4 


4024,57 


24840,343 


386,874 


7 


9 


6,14 


3d2(3p)4s4p(3p) y^Ds 


^ 3(i24s2 a3p3 


3900,96 


25627,47 


170,132 
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7 


1,28 


3d2(3p)4s4p(3p) ^5^3 


^ 3^2452 a3P4 


3934,24 


25410,73 


386,874 
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9 
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3c«2(3p)4s4p(3p) 03p2 


^ 3d24s2 a3p2 


3921,42 
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2,15 


3rf2(3p)4s4p(3p) z3P2 


3^2452 a3p3 


3947,78 


25323,59 
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3(i2(3p)4s4p(ip) y^F3 


3^2452 a3p2 
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5 


4,13 


3d2(3p)4s4p(ip) y^Fs 


^ 3d24s2 a3p3 


3989,76 
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7 
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9 


6,14 
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^ 3d24.s2 a3p2 
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37,6 


3d2(3f )4s4p(ip) y3F2 


^ 3d24s2 a3P3 


4008,93 


24937,285 


170,132 
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7 


7,03 


3d2(3p)4s4p(3p) ^s^a 


^ 3d24s2 a3p2 


3982,48 


25103 





5 


5 


4,5 


3d2(3p)4s4p(3p) ^552 


^ 3d24s2 a3p3 


4009,66 


24932,75 


170,132 


5 


7 


1,21 


3d2(3p)4s4p(3p) z^Ga 


-> 3^24.52 a3p2 


4656,47 


21469 





7 


5 


1,99 


3d^{^F)AsAp{^P) z^Gs 


^ 3d24.s2 a3p3 


4697,68 


21299,362 


170,132 


7 


7 


0,085 


3d2(3p)4s4p(3p) z^G4 


^ 3ci24s2 a3p3 


4667,59 


21418,364 


170,132 


9 


7 


2,18 



the transitions 


Kk, A 


Vki, cm 


Ei, cm ^ 


5fe 


9i 


Aki, lOS 1 




4715,3 


21201,622 


386,874 


9 


9 


0,069 




4997,10 


20006 





5 


5 


0,47 


3d^{^F)4:sAp{^P) z^D2 3cfAs^ a^Fs 


5039,95 


19835,900 


170,132 


5 


7 


3,89 


3d^(3i^)4s4p(3p) z3£»3 ^ 3^^452 a^Fs 


5009,65 


19955,923 


170,132 


7 


7 


0,209 


3d2(3F)4s4p(3p) 2;3£)3 -» 3d24s2 a3F4 


5064,66 


19739,181 


386,874 


7 


9 


3,79 


3d2(^P)4s4p(3p) z^Fa ScfAs^ a^F2 


5147,48 


19422 





7 


5 


0,35 


3d2(^P)4s4p(-^P) z^Fs 3d^As^ a^Fs 


5192,98 


19251,444 


170,132 


7 


7 


3,49 


3a ( -T j4s4p( P) z i's — > 3a 4s a I'4 


5252,11 


19034,702 


386,874 


7 


9 


0,123 


'i(f{^F)AsAp{^P) z^Fi -> 3d24s2 a^^F-^ 


5152,20 


19403,836 


170,132 


9 


7 


0,264 


3<f{^F)AsAp{^P) z^Fi 3(fAs^ a^Fi 


5210,39 


19187,094 


386,874 


9 


9 


3,57 


3d2(3p)4s4p(3p) z^F2 SdHs^ a?F2 


5173,75 


19323 





5 


5 


3,8 


3d^{^F)4:sM^P) z^F2 Sd^As^ a^Fs 


5219,71 


19152,856 


170,132 


5 


7 


0,25 


3d2(3p)4s4p(3p) z^Ds 3d^4:s^ a^F^ 


5426,26 


18423,86 


170,132 


7 


7 


0,0319 


3d2(3i?)4s4p(3p) z^D3 3^2452 a^Fi 


5490,84 


18207,12 


386,874 


7 


9 


0,014 


V 


3(i3(4i7^)4s4p(ip) w4p7/2 ^ 3rfMs2 a4p5/2 


3043,12 


32851,46 


137,38 


8 


6 


23 


3d3(4F)4s4p(ip) w;4p^^2 ^ 3^34^2 


3060,46 


32665,38 


323,46 


8 


8 


140 


3(i3(4F)4s4p(ip) M;4p^^2 ^ 3d^4s^ a^F9/2 


3082,11 


32435,88 


552,96 


8 


10 


21 


3d3(4F)454p(ip) ^4^5/2 ^ 3d^4:s^ a^F'i/2 


3043,56 


32847 





6 


4 


18 


3d3(4p)4.s4p(ip) w4p5/2 ^ M^As^ a^Phjl 


3056,33 


32709,44 


137,38 


6 


6 


130 


Zd^(^F)AsAp{}P) w*Fq/2 U^As^ a^F7/2 


3044,94 


32831,84 


323,46 


10 


8 


12 


3d3(4p)4s4p(ip) w'^Fg/2 3d34s2 a*P9/2 


3066,38 


32602,34 


552,96 


10 


10 


210 


3(i3(4p)4s4p(ip) aj^Gr/a ^ 3^2452 a4p5/2 


3183,41 


31403,77 


137,38 


8 


6 


240 


3d3(4p)4s4p(ip) x'^Gy2 3d34s2 o4p7/2 


3202,38 


31217,69 


323,46 


8 


8 


40 


3d3(4p)4s4p(ip) x^G^/2 M^As^ a^F7/2 


3183,98 


31398,25 


323,46 


10 


8 


250 


3d3(4p)4s4p(ip) x^Gg/2 MHs^ a'^F9/2 


3207,41 


31168,78 


552,96 


10 


10 


26 


3d^{^D)4p y^£>3/2 ^ 3^^452 a*P3/2 


3808,52 


26249 





4 


4 


14,8 


3d^{^D)Ap y^£>3/2 ^ 3d34s2 a'^P5/2 


3828,56 


26112,1 


137,38 


4 


6 


53,3 


3d'^i^D)4p y*D5/2 3dHs^ a^F5/2 


3813,49 


26215,27 


137,38 


6 


6 


11,9 


W^i^'D^p y*D5/2 3dHs^ a^Fl/2 


3840,75 


26029,19 


323,46 


6 


8 


54,8 


3d^{^D)Ap y'^Dy2 ^ ^d^'^s^ a'^F7/2 


3822,01 


26156,83 


323,46 


8 


8 


8,1 


3rf*(5£>)4p y^£>7/2 3^3452 a*P9/2 


3855,37 


25927,33 


552,96 


8 


10 


57,8 


3d3(4F)4s4p(3p) ^2(5^^^ ^ 3^34^2 a4p7/2 


3841,89 


26021,44 


323,46 


10 


8 


0,95 


3d3(4p)4s4p(3p) ^2(5^^^ ^ 3^34^2 ^4^9/2 


3876,09 


25791,94 


552,96 


10 


10 


14,8 


M^{''D)Ap /P5/2 ^ 3d34s2 a4p3/2 


3844,44 


26004 





6 


4 


6 


M\'>D)Ap y4p5/2 ^ 3d34s2 a4p5/2 


3864,86 


25866,85 


137,38 


6 


6 


27 


Zd\^D)Ap y^F^,2 ^ 3^3452 a4p7/2 


3892,86 


25680,77 


323,46 


6 


8 


8,2 


3d^(^£>)4p y^Fr/2to3d^4s'^ a^Pg/a 


3847,33 


25984,7 


137,38 


8 


6 


4,8 


3d4(5D)4p y'*p^^2to3d34s2 a4p7/2 


3875,08 


25798,62 


323,46 


8 


8 


23,6 


3rf'^(5i:>)4p y^Fy2to3d^As^ a'^FQ/2 


3909,89 


25569,12 


552,96 


8 


10 


4,3 


M\'>D)Ap /P3/2 ^ 3d34s2 a4p3/2 


3855,37 


25931 





4 


4 


33 


3d4(5D)4p y4p3^2 ^ 3rf34s2 a4p5/2 


3875,9 


25793,17 


137,38 


4 


6 


8,3 


3d3(4p)4s4p(3p) z'^G(I/2) M^As"^ a'^F^,2 


3862,22 


25884,54 


137,38 


8 


6 


1,13 


3d^{^F)AsAp{^P) z2G(7/2) ^ Sd^As"^ a'^Fj/2 


3890,18 


25698,46 


323,46 


8 


8 


6,6 


3d^{'^F)AsAp{^P) 22G(7/2) ^ 3(i34s2 a^Fg/2 


3925,24 


25468,96 


552,96 


8 


10 


0,97 



the transitions 


\ X 
Aife, A 


_ 1 

i^ki, cm 


Ei, cm ^ 


5fe 


9i 


Afei, lO^'s 




3867,6 


25848,46 


323,46 


10 


8 


2,54 




3902,25 


25618,96 


552,96 


10 


10 


26,8 




4306,21 


23215,72 


137,38 


8 


6 


1,2 


.-V -jO /A . J /Q -J— \\ A -w—7 i-\ J /I r -1 

3d''(*i^)4s4p('^P) z^F7/2 3d"^4s^ 0^-^7/2 


4341,01 


23029,64 


323,46 


8 


8 


5 


3d3(''F)4s4p(3F) 220(5/2) -» 3^2452 a^^^^^ 


4307,18 


23211 





6 


4 


1,11 




4332,82 


23073,16 


137,38 


6 


6 


4,6 


3rf^(^J')4s4p(3p) 220(5/2) ^ 3o!-'^4.s2 q/'_F7/2 


4368,04 


22887,08 


323,46 


6 


8 


1,01 


3d^{^F)4:s4p{^P) z^Fg/a ^ 3(i'^4.s2 0^^9/2 


4352,87 


22966,91 


552,96 


10 


10 


5,8 


3d3(^_F)4.s4j9(3p) z''F9/2 ^ 3(i34.s2 a'^F7/2 


4309,8 


23196,41 


323,46 


10 


8 


0,94 


3d^C^F)As4p{'^P) z'^F3/2 3d^4s'^ a^'^s/a 


4330,02 


23088 





4 


4 


5,2 


3d3(*F)4s4p(3p) z'^F3/2 3d^4:S^ a^F^/2 


4355,94 


22950 


137,38 


4 


6 


1,05 


3d'*(*F)4s4p('^P) z^G5/2 ^ SdMs^ 0^^3/2 


4577,17 


21841 





6 


4 


4,75 


3d'^{^F)4:sAp{'^P) z^Gr^/2 .WAs^ -^5/2 


4606,15 


21704,04 


137,38 


6 


6 


0,69 


3(i^(^F)4s4p(-^P) z^G7/2 3d'Ms2 0*^5/2 


4580,4 


21826,07 


137,38 


8 


6 


4,71 


3d3(^F)4s4p(3p) z^Gt/2 id^As^ a'^Fr/2 


4619,77 


21639,99 


323,46 


8 


8 


0,62 


3(i^(*F)4s4p(3p) 2:^^9/2 Sd^As^ a* Ft/2 


4586,36 


21797,61 


323,46 


10 


8 


5,1 


3d''(*P)4s4p('^P) z^Gq/2 Sd-^As^ a^Fg/2 


4635,18 


21568,11 


552,96 


10 


10 


0,37 


oJ3/'4I7'^/1 A /3 t:>\ 4n oj3/i2 4i7' 

3a ( -t* )4s4p(^P) z 1^5/2 ^ 3a 4s a i'3/2 


A TA A 'T'T 

ATdyJJ 


20828 





f 

D 


4 


0,127 


3rf-''(''P)4s4p(3p) z4Av2 ^ 3^3452 a4^j.^2 


4831,64 


20691,1 


137,38 


6 


6 


2 


3d=^(4p)4s4p(3p) z4£)5/2 ^ 3d34s2 a'*P7/2 


4875,48 


20505,02 


323,46 


6 


8 


7,3 


3(i3(*P)4s4p(3p) z^Dt/2 Sd^As"^ a'^Fr/2 


4827,45 


20709,05 


323,46 


8 


8 


1,19 


3d3(4p)4s4p(3p) z'^Dy2 SdMs^ a'^Fg/2 


4881,56 


20479,55 


552,96 


8 


10 


7,7 


3d3(4p)4s4p(3p) z^D3/2 Sd^As^ a'^Fs/2 


4832,43 


20688 





4 


4 


2,23 


3d^{'^F)AsAp{^P) z*Ds/2 3^^452 a'^Fr,f2 


4864,74 


20550,38 


137,38 


4 


6 


7,7 


Co 


3/3d^(2G)4s4p(3p) ■u;''F9/2 ^ 3/3d^4s2 a''F9/2 


2309,02 


43295 





10 


10 


56 


3/3d^(2G)4s4p(3p) ^4^9/2 ^ 3p63d74s2 ^4^^^^ 


2353,42 


42479,32 


816 


10 


8 


15 


3/3d^(2G)4s4p(ip) .r4F7/2 ^ 3p63d^4s2 a'^Fgf2 


2384,86 


41918 





8 


10 


24 


3p^3d'^(^G)AsAp{^P) x^F'ji2 3p^3d'^As'^ a^Fy2 


2432,21 


41102,41 


816 


8 


8 


260 


3p^3d'^(^G)AsAp{^P) x^F^/2 3p'^3d'^As^ a^F'j/2 


2402,06 


41618,23 


816 


6 


8 


51 


3/3d^(2G)4s4p(ip) a;'^F5/2 -> 3p^3dHs^ a'^F^/2 


2436,66 


41027,39 


1406,84 


6 


6 


260 


3/3rf^(2G)4s4p(ip) a;^F7/2 ^ 3/3d^4s2 a'^Fg/2 


2521,36 


39649 





8 


10 


300 


3/3d^(2G)4s4p(ip) a;4F7/2 ^ 3/3d''4s2 a'^FT/2 


2574,35 


38833,16 


816 


8 


8 


17 


3/3d7(2G)4s4p(ip) x4F5/2 ^ 3/3d^4s2 a'^Fy2 


2528,97 


39529,95 


816 


6 


8 


280 


3/3d^(2G)4s4p(ip) x^Fg/a ^ 3^63^74^2 a^F^/2 


2567,35 


38939,11 


1406,84 


6 


6 


30 


3p^3d\^G)AsAp{^P) x'^D3/2 3p^3d''As^ a^F^i2 


2535,96 


39420,93 


1406,84 


4 


6 


190 


3p^3d^(^G)AsAp{^P) x^D3i2 3p^3^As'^ a^F3/2 


2562,15 


39018,44 


1809,33 


4 


4 


39 


3/3d^(*F)4s4p(3p) z^Dy2 ^ 3p^3d'^{^G)AsAp{^P) x^Fg/2 


3412,63 


29295 





8 


10 


12 


3p^3d''{'^F)AsAp{^P) z*Dy2 ^ 3/3d^(2G)4s4p(ip) x4F7/2 


3510,43 


28478,52 


816 


8 


8 


3,8 


3p^3d^(''F)4s4p(3p) z^D5/2 -> 3/3(i^(2G)4s4p(ip) x4F7/2 


3520,08 


28400,37 


816 


6 


8 


4,6 


3/3d^(4F)4s4p(3p) z'^Dr,f2 ^ 3/3d^(2G)4s4^>(ip) x'^F5/2 


3594,87 


27809,53 


1406,84 


6 


6 


9,2 


Ni 


3rf8(3p)4s4p(3p) 3£,g ^ 3d8(3p)4s2 


2984,13 


33501 





7 


9 


6,6 


3d8(3p)4s4p(3p) 3£,g ^ 3d8(3F)4s2 3^2 


3195,57 


31284,272 


2216,550 


7 


5 


0,58 


3rf8(3p)4s4p(3p) 3p3 ^ 3d^{^F)As^ ^Fs 


3145,72 


31780,170 


1332,164 


7 


7 


0,8 



the transitions 


Aife, A 


_1 

ffei, cm 


Ei, cm ^ 


9k 


.9j 


Ak^, lO^S 1 




^ 3d^(^F)4s2 


3019,14 


33112 





7 


9 


6,4 




-> 3d^(3p)4s2 3^3 


3097,12 


32278 


1332,164 


5 


7 


3,3 




^ 3d«(3p)4s2 3^2 


3184,37 


31394,340 


2216,55 


5 


5 


0,71 


3(i^(3F)4s2 IF3 ^ 


3d^{^F)As^ ^Fi 


3221,65 


31031 





7 


9 


1,6 


3d9(3i^)4s2 ii^3 


3dS(3p)4s2 3^3 


3366,17 


29698 


1332,164 


7 


7 


4 




3rf^(3F)4s2 3^2 


3469,49 


28814,47 


2216,55 


7 


5 


1,3 


3d*^C^F)4s4p(^P) -^Ga 


^ 3dS(3p)4s2 3i^3 


3282,7 


30453,998 


1332,164 


7 


7 


0,6 


3d*^(3F)4s4p(-V) -^G;, 


M^{^F)As^ ^F2 


3380,85 


29569,612 


2216,55 


7 


5 


3,8 


3rf''(2i:>)4p -^Ei ^ 


3d«(3F)4.s2 


3391,05 


29481 





9 


9 


6,6 




3d^{^F)As^ •^F4 


3551,53 


28148,825 


1332,164 


9 


7 


0,16 




3d^(^F)4s2 ^Fi 


3409,58 


29321 





7 


9 


0,37 


3d^{^F)As'' "^Fs 


3a ( -F)4s^ '^^3 


3571,87 


27988,598 


1332,164 


7 


7 


5,2 


3d9(3F)4s2 3F3 ^ 


3d8(3^)4s2 ^F2 


3688,42 


27104,212 


001 r* CCA 

2216,550 


7 


5 


0,45 


3d9(3F)4s2 ^ 


3d8(3p)4s2 ^Fs 


3413,48 


29287,25 


1332,164 


5 


7 


3,8 


3d9(3F)4s2 3i^2 ^ 


3d8(3i^)4s2 3^2 


3519,77 


28402,864 


2216,550 


5 


5 


4,1 


3rf9(2£))4p 3£>2 ^ 


3rf8(3ir)4s2 3^3 


3500,85 


28556,313 


1332,164 


5 


7 


4,6 


3(i9(2l?)4p ■■'i?2 ^ 


3rf8(3F)4s2 3F2 


3612,74 


27671,927 


2216,550 


5 


5 


4,2 


3d«(3i^)4s4p(3p) 5G4 


^3d*^(3F)4s2 3/^4 


3561,75 


28068 





9 


9 


0,29 


3(i8(3i^)4s4p(3p) 5G4 


^3d\^F)As^ 3^3 


3739,23 


26735,901 


1332,164 


9 


7 


0,24 


Ga 


5s 2^1/2 ^ 


4p 2^3/2 


4172,04 


23962,34 


826,19 


2 


4 


92 


5S 25i/2 ^ 


4p 2Pi/2 


4032,99 


24788,53 





2 


2 


49 


Ad 2£>3/2 ^ 


4p 2p3/2 


2944,17 


33955,47 


826,19 


4 


4 


27 


4d 2^5/2 ^ 


4p 2p3/2 


2943,64 


33961,66 


826,19 


6 


4 


140 


4d 2/53/2 ^ 


4p 2Pi/2 


2874,24 


34781,66 





4 


2 


120 


6S 2^1/2 ^ 


4p 2P3/2 


2719,66 


36758,58 


826,19 


2 


4 


23 


6S 2^1/2 ^ 


4p 2Pi/2 


2659,87 


37584,77 





2 


2 


12 



